Purpose: The purpose of this study was to develop a new technique for a high temporal resolution two-dimensional MR digital subtraction angiography (2D MRDSA) sequence under intraarterial injection of contrast material to permit the visualization of vascular anatomy and hemodynamics.
Introduction
The advent of fast-scan sequences on interventional MR scanners has accelerated the development of various interventional techniques using MRI. In turn, this oŠers the merits of radiationfree imaging, excellent soft tissue contrast, arbitrary slice orientation and three-dimensional imaging capabilities. 1, 2 However, the interventional MRI techniques in use at present are mainly non-vascular techniques, with few vascular techniques having been reported. [3] [4] [5] [6] MR-guided vascular intervention requires real-time imaging of the vascular anatomy and intravascular blood ‰ow for road mapping, similar to that required with X-ray ‰uoroscopy. Conventional imaging methods of the vascular anatomy-such as time-of-‰ight MR angiography (MRA) and contrast-enhanced MRA-are of limited value, since they do not permit real-time observation.
Thick-slab two-dimensional MR digital subtraction angiography (2D MRDSA) with a 1.5T scanner has recently been reported useful for evaluating intracranial hemodynamics. 7, 8 This technique requires the rapid intravenous injection of a full dose of gadolinium-based contrast material in order to attain optimum contrast enhancement. We speculated that a smaller dose of contrast material might be su‹cient to provide high-contrast resolution if it were injected intraarterially. We further speculated that digitally subtracted images might compensate for the low signal-to-noise ratio of the low-ˆeld MR scanners. While our ultimate aim is to develop a system for MR-guided vascular interventional radiology, the purpose of this study was to develop a high temporal resolution 2D MRDSA sequence using intraarterial injection of contrast material that permits the visualization of the vascular anatomy and hemodynamics.
Materials and Methods
All examinations were performed with a 0.3T open MR scanner (AIRIS II; Hitachi Medical Corporation, Tokyo, Japan). The contrast medium used was gadopentetate dimeglumine (Magnevist } ; Berlex, Wayne, NJ, and Schering, Berlin, Germany).
Phantom study
In the phantom study, we determined the optimal acquisition parameter of 2D MRDSA and concentration of gadopentetate dimeglumine for maximum signal intensity. We initially prepared gadolinium (Gd) solutions ranging in concentration from 0.5 mmol W L to 100 mmol W L by diluting fullstrength gadopentetate dimeglumine with normal saline. These concentrations corresponded to dilutions ranging from 0.1z to 20z gadopentetate dimeglumine. The Gd solution was put into eight vials containing 0.5, 1, 2.5, 5, 10, 25, 50 and 100 mmol W L, which were imaged with a quadrature head coil. A vial containing NiCl2 solution (1 mmol W L) was also imaged as a control.
2D RF-spoiled steady-state acquisition with rewound gradient echo (2D RS SARGE)-a T1-weighted fast gradient echo sequence developed for MR-‰uoroscopy-was used to image the vials. Some of the imaging parameters wereˆxed (repetition time＝10 ms, echo time＝2.5 ms, matrix＝256 ×100, thickness＝1 cm) in order to maintain a temporal resolution of 1 image W s. The repetition time and echo time were the minimal values for this sequence. Only the ‰ip angle was changed in 10-degree increments between 10 and 90 degrees.
The signal-to-noise ratio (SNR) and contrast-tonoise ratio (CNR) relative to the NiCl2 control solution were calculated for each vial to determine the optimal Gd concentration and ‰ip angle. We sought the optimal combination of Gd concentration and ‰ip angle to produce the highest SNR or CNR. The SNR and CNR were calculated by the signal intensity (SI) of the Gd solution and NiCl2 control solution and the standard deviation (SD) of the background (equation 1, 2).
Three tubes (2, 3, and 5 mm in diameter)ˆlled with static Gd solution were immersed in a water bath and their visibility was evaluated. The section slice thickness was varied between 10 and 100 mm. We placed the region-of-interest at the 5-mm tube, and the SNR of the tube was plotted in relation to the slice thickness.
In vivo study
Intraarterial MRDSA was performed in a brachial artery of a 29-year-old male volunteer after he gave informed consent according to the guidelines approved by the faculty review board. At the elbow joint, the left brachial artery was catheterized retrogradely with a 22-gauge plastic needle by an experienced radiologist. The forearm and hand were imaged with a knee coil independently with 2D RS-SARGE (repetition time＝10 ms, echo time＝2.5 ms, matrix＝256×100, ‰ip angle＝60 degrees, slice thickness＝50 mm, coronal view). The slice thickness of 50 mm was selected so that the main branches of the brachial artery would be covered within the slice.
Initially, a dose of 6 ml of diluted contrast material was injected intraarterially at a rate of 2 mlW s with an MR-compatible mechanical injector (Nemotokyourindo, Tokyo, Japan), and MRDSA images of the left forearm were acquired sequentially. The concentrations of injected contrast material were 0.5, 1, 2.5, 5, 10, 25, 50 and 100 mmol W L.
MRDSA images of the left hand were then acquired following injection of 6 ml of diluted solution. Only 25 mmol W L and 50 mmolW L Gd concentrations were used for MRDSA of the hand. The subtracted images were displayed on the monitor in real time at a frame rate of one frame 
Results
Phantom study Figure 1 shows the SNR and CNR of various Gd concentrations, relative to the NiCl2 control, as a function of the ‰ip angle. At a ‰ip angle of 609 , a 10-mmol W L Gd concentration provided the maximum SNR. A 10-mmol W L Gd concentration with a ‰ip angle of 50-909and a 25-mmol W L Gd concentration with a ‰ip angle of 60-909both showed an SNR of greater than 80z of the maximum SNR.
The maximal CNR relative to the NiCl2 solution was attained with a 25-mmol W L Gd concentration and ‰ip angle of 909 . A 10-mmol W L Gd concentration with a ‰ip angle of 60-909and a 25-mmol W L Gd concentration with a ‰ip angle of 80-909both showed a CNR of greater than 80z of the maximal CNR. Gd concentrations of 100 mmol W L or less than 2.5 mmol W L showed a lower signal intensity than that of the NiCl2 control, and their CNRs were calculated as negative values.
A static tube phantomˆlled with a 10-mmol W L Gd concentration was imaged with a ‰ip angle of 609and a slice thickness of 10-100 mm. All 3-sized tubes were clearly seen. Figure 2 shows the SNR of a 5-mm-diameter tube as a function of slice thickness. The SNR decreased as the slice thickness increased. The SNR of the tube imaged with a slice thickness of 100 mm decreased to about 60z that of a slice thickness of 10 mm.
In vivo study
After we optimized the pulse sequence and Gd concentration, we performed a series of in vivo experiments. We used the same imaging sequence used in the preceding phantom study andˆxed the ‰ip angle at 609according to the results of the phantom study. During intraarterial injection of Gd solution, 2D MRDSA images were acquired at a rate of 1 frame W s and the subtracted images were displayed on an LCD monitor in the scan room within one second from acquisition. Figure 3 shows the sequential images of the forearm of a healthy volunteer obtained after intraarterial injection. We could identify major branches such as the brachial artery, radial artery and ulnar artery as well as smaller branches such as the circum‰ex radial artery, circum‰ex ulnar artery and common interosseous artery. The hand images show the palmar arch and digital arteries. We observed, in addition to the vascular anatomy, the hemodynamics of the forearm and hand, i.e.ˆlling and washout of the Gd solution. The forearm arteries were well visualized when solutions at concentrations of 5-50 mmol W L Gd (1-10z dilution) were used. The 10-and 25-mmolW L Gd concentrations were considered optimal (Fig. 4) . With solutions at a Gd concentration of 25 mmol W L or less, the injected contrast material was diluted by blood and the signal intensity gradually decreased. Paradoxi- T. Masumoto et al.
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cally, when Gd solutions at a concentration of 50 and 100 mmol W L were diluted by blood, the signal intensity increased. During hand imaging, the arteries were better visualized with a Gd solution at a 50-mmol W L concentration than at a 25-mmol W L concentration. The total injection dose of gadopentetate dimeglumine was 1.614 mmol, which was much smaller than the standard dose for a single subject.
Discussion
Our results showed the potential of the 2D MRD-SA technique as a monitoring tool during MRguided endovascular procedures with a low-ˆeld open MR scanner. MR-guided endovascular procedures require a guiding and monitoring method equivalent to that of X-ray ‰uoroscopy or digital subtraction angiography. Several prior studies have reported the feasibility of intraarterial MRA techniques using high-ˆeld MR scanners. [9] [10] [11] [12] However, we have found no reports on the use of a low-ˆeld MR scanner for such purpose. Using a low-ˆeld scanner, we developed a 2D MRDSA technique allowing continuous monitoring of the injected contrast material with high temporal resolution. Although the low-ˆeld MR scanner has the disadvantage of a low SNR in comparison to that of a high-ˆeld scanner, the subtraction technique is considered to compensate for this disadvantage.
The preliminary phantom study showed that diluted contrast material with Gd concentrations of 10 or 25 mmol W L provided high SNRs with the 0.3T MRI sequence we developed. Clinically, intraarterial injection of contrast material of the same Gd concentration provided clear visualization of the forearm arteries in a human volunteer. The Gd solutions of concentrations greater than 50 mmol W L showed low SNRs due to the T2*-shortening eŠect. When diluted by blood, these concentrations showed a paradoxical signal increase, probably because the T1-shortening eŠect overcame the T2*-shortening eŠect.
Since the injected contrast material is gradually diluted by blood, the optimal Gd concentration will be in‰uenced by the ‰ow speed of the target vessel. In our study, a 10-or 25-mmol W L Gd concentration was adequate for the forearm arteries, but a 50-mmol W L concentration was necessary for evaluating the arteries of the hand, as a 25-mmol W L concentration was not su‹cient. Further study is needed to determine the relationship between optimal concentration and blood ‰ow speed.
Our phantom study also revealed that the SNR of the thin tubeˆlled with Gd solution decreased as the slice thickness increased. For better visualization of the vessels, the minimal slice thickness containing the target vascular structures seems to be optimal. With the sequence we developed, subtracted images with an update time of one Fig. 3 . Sequential MRDSA images using 2D RS SARGE (repetition time＝10 ms, echo time＝2.5 ms, ‰ip angle ＝609 , slice thickness＝50 mm) at a rate of 1 image W s. a-e: Images of the left forearm of a volunteer after intraarterial injection of 6 ml of a 10-mmolW L Gd concentration in three seconds. c: Brachial artery (arrow), radial artery (arrowhead), ulnar artery (curved arrow). d: Circum‰ex radial artery (arrow), circum‰ex ulnar artery (arrowhead) and common interosseous artery (curved arrow). f-j: Images of the hand after intraarterial injection of 6 ml of a 50-mmol W L Gd solution in three seconds. i: Deep palmar arch (arrow), palmar digital arteries (arrowhead). Magnetic Resonance in Medical Sciences second were acquired continuously. The temporal resolution of the 2D acquisition was shown to be su‹cient to monitor the injection of contrast material. Furthermore, increased temporal resolution and a reduction of the lag between data acquisition and display of the processed image-approximately one second on our system-will improve the adjustability of injection speed. This adjustability would allow real-time monitoring of the manually injected contrast material during vascular interventions.
The primary advantage of the intraarterial MRDSA is that, compared to intravenous administration, only small doses of contrast material are required, thus avoiding enhancement of background tissue even when multiple injections are performed during an interventional procedure. This will permit the administration of many more intraarterial injections compared with intravenous MRA, without exceeding the 0.3 mmol W kg daily limit. Moreover, intraarterial injections eliminate the need for explicit synchronization of the bolus arrival and data acquisition, in contrast to intravenous MRA.
X-ray digital subtraction angiography is the most popular modality for vascular interventions; however, it has the disadvantages of ionizing radiation and the inability to produce cross-sectional images. Although CT has the advantage of generating cross-sectional images, vascular anatomy data cannot be acquired with CT alone. A combination of CT and X-ray digital subtraction angiography (the so-called interventional-CT system) is needed for vascular interventions. 13 Such systems are complex and generate ionizing radiation. In contrast, MRI is free from ionizing radiation, oŠers excellent soft tissue contrast, and provides cross-sectional images of arbitrary slice orientation. Further, MRI provides information on vascular anatomy and hemodynamics when applied with techniques such as the intraarterial 2D MRDSA described herein. Vascular interventions with MRI alone may also be feasible, as intraarterial 2D MRDSA allows observation of the vascular structure along with the catheter and prevailing ‰ow conditions. This study has a number of important limitations. First, the in vivo results of this study relate to only one healthy human volunteer. Second, at present, this intraarterial 2D MRDSA is inferior to conventional X-ray digital subtraction angiography in the areas of spatial and temporal resolution. However, this disadvantage may be eliminated with future technical improvements in MR equipment (pulse sequence, homogeneity of magneticˆeld, and image processing algorithm). Third, intraarterial injections of Gd are an oŠ-label route of administration of an approved contrast material. While the clinical safety of intraarterial Gd injections has yet to be established, intraarterial injections of Gd have been safely applied in diagnostic angiography 14, 15 and endovascular interventions 16, 17 when performed under radiographic guidance.
Conclusion
We successfully developed an intraarterial contrast-enhanced 2D MRDSA sequence with a 0.3T open MR scanner with the goal of developing an MR-guided vascular interventional radiological procedure. With the appropriate setting of imaging parameters and Gd concentrations, acceptable vessel visualization was obtained in a human study. This technique may be a useful tool for visualizing vascular anatomy and hemodynamics as required in MR-guided vascular interventions.
